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I. INTRODUCTION

I
N many coastal regions, bathymetric maps are often nonexistent or inaccurate because sea depth can change by the mean of erosion or sedimentation processes and bathymetry must often be updated. Bathymetric surveying of shallow sea water is often performed by conventional ship-based or planebased acoustic surveys. However, this technique requires heavy and expensive equipment and missions [1] and it is also time consuming for data processing [2] . In the 1970s, the use of aerial or satellite remote sensing images appeared as a new alternative to the classical methods of bathymetric measurements for depths between 0 and 30 m. Different studies were carried out [3] , [4] and [5] in order to evaluate the potential of remote sensing to provide bathymetric maps.
The first approach [6] was simply based on the log-transform of two spectral bands and a 2D-rotation to estimate bathymetry. This method developed by Lysenga [7] has often been applied to high spatial resolution imagery such as Landsat/MSS [8] , SPOT/HRV [9] , and IKONOS [10] images because they have been made widely available even if they are not dedicated and specified for marine coastal shallow area applications. The advantage of this approach is that it provides a continuous depth map. The sea bed cover and the bottom reflectance are also not required, but an assumption is made on diffuse attenuation considered as constant therefore limiting the requirements to obtain an accurate bathymetric map.
In the last decade, approaches for mapping bathymetry in optically shallow water bodies have evolved to non-linear optimization of semianalytical models [11] - [14] and comparative methods of spectral library matching [15] , [16] from hyperspectral data and modeled data. In some cases these approaches can also be used to produce corrected substratum reflectance spectra and to quantify concentration of organic and inorganic water constituents.
Adler-Golden et al. [11] present an algorithm similar to that of Lee et al. [14] . However, it makes the simplifying assumption of constant water optical properties within the scene. McIntyre et al. [17] presented an application of the Lee et al. [14] inversion modeling approach to clear waters which included a quantitative comparison of model-derived depth with high resolution multi-beam acoustic bathymetry data.
Several authors recently extended the method developed by Lee et al. [13] , [14] by incorporating linear un-mixing of the benthic cover. Giardino et al. [18] used two substrate classes (bare sand and submerged macrophytes) for the littoral zone of a lake, while Goodman and Ustin [19] and Klonowski et al. [20] integrated a semi-analytical inversion model with a linear un-mixing of three substratum types for coral reef environments. Jay et al. [21] present different bathymetric filters based on Bayesian methods for underwater target detection from hyperspectral remote-sensing data.
Goodman et al. [22] quantified the influence of atmospheric and sea-surface corrections on the accuracy of the retrieval of bottom depth and reflectance using a semi-analytical model. Brando et al. [23] presented the quantitative comparison of model-derived depth for coastal water with high resolution multi-beam acoustic bathymetry data and showed that the precision of the bathymetry retrieval was a function of the contribution of substratum to the remote sensing signal. The accuracy was also a function of the calibration of the hyperspectral imagery, the parameterization of the atmospheric correction and the parameterization of the model adopted for the retrieval.
The advantage of the latter approaches is that the attenuation is not assumed to be constant (as the water composition) but the reflectance of the sea bed is required. It also provides quantified maps for each parameter because the various combinations of inputs must be operated for discrete inherent optical properties and depths. Another drawback of these methods is the non-unique solution that can be found in the database: 2 combinations of different input parameters of the radiative model can provide the same spectrum and confusion can then be made in the closest spectrum choice in the spectral library. For example, a dark bottom with a turbid water column can provide the same surface reflectance as a sandy bottom with clear water column. This phenomenon can also naturally influence the depth estimation.
Dekker et al. [24] compared the results of 6 different algorithms (Lee et al. [13] , [14] , Klonowski et al. [21] , Brando et al. [23] , Mobley et al. [16] , Hedley et al. [25] and Lysenga [5] ) on two different images (PHILLS and CASI) and two sites (Lee Stoking Island and Moreton Bay).
Because reflectance of the sea bed is not always known and because sometimes continuous depth map is required, we choose in this paper to use the approach based on the log-transform of two spectral bands and a 2D-rotation, to analyse its limits and to provide the best conditions for its use. We then study the influence of the attenuation variation due to the chlorophyll water content on the depth estimation accuracy in the lagoon of New Caledonia.
The New Caledonian lagoon (22.177 km , 25 m mean depth) lies in the Southwester Tropical Pacific around 21 29'S and 166 38'E, with a great marine biodiversity: UNESCO Heritage coral reefs, benthic sea grass, important animal benthic communities. The bathymetry is heterogeneous due to a complex geomorphology and a variety of different bottom colors. It is largely connected to the open ocean in the south part of the lagoon, but only by narrow passes in the southwest part of the lagoon. Regarding tides, except for the passes, diurnal tides and currents are weak (maximum amplitude is 1.8 m tide tables). Exchanges with the sea can modify the phytoplanktonic assemblage in the central lagoon, characterized by oligotrophic to mesotrophic waters (yearly average chlorophyll-a concentration of 0.25 0.01 mg m ) [26] , [27] . With relatively low river inputs and a low turbidity range compared with other tropical lagoons (0.20-16 g m , [28] , its trophic state is linked to spatial variations in flushing times [29] , [30] . The variability of the turbidity was studied [28] and the optical properties and chlorophyll concentration were examined as a function of bathymetry [31] . Indeed, water transparency can change due to the variability of water composition (chlorophyll, mineral suspended and dissolved organic matters).
The MERIS sensor was designed for sea color observation, with a 300 m spatial resolution, 15 spectral bands, over a 1150 km swath width and a 3-day revisit period [32] more adapted to coastal zone monitoring than previous sensors like SeaWiFS (8 bands, 1 km resolution) [33] or MODIS (8 bands, 500 m resolution). Compared to high spatial resolution sensors like SPOT, Landsat/ETM or IKONOS, QUICKBIRD or WV-02, MERIS can be preferred for its large swath to cover a large area. . The water conditions are temporally variable in the lagoon and the water composition is then not the same for all the acquisitions, i.e., the water diffuse attenuation varies between the images. In this paper, the methodology used for bathymetric estimation is recalled. We also present the test images and the validation data. The results obtained for all images are presented, compared, and discussed.
II. METHOD
The original method [6] consists of measuring the water attenuation by estimating the deep water reflectance and the water depth with the assumption that the bottom reflectance attenuation is only due to the water column layer thickness and then to the depth. The water attenuation is also assumed to be homogenous. The water attenuation model [34] is given by is known (values of the original image), can be obtained under a Region of Interest (ROI) of deep water, does not need to be known, needs to be estimated and is the final unknown.
Equation (1) is an approximate radiation transport equation, is assumed to be independent of depth and the diffuse attenuation for the downwelling irradiance equals the diffuse attenuation for the upwelling radiance.
In clear waters the diffuse attenuation is weak for short wavelengths and increases after 570 nm because of the strong absorption by water molecules at high wavelengths [35] . For waters more charged in phytoplankton and suspended organic matter, attenuation is higher at short wavelengths, which are more influenced by the absorption of the cited constituents. The diffuse attenuation estimation requires different locations in the study area (at least 2) covered by the same seabed, at different depths (not quantitatively known). For these locations, pixels provide radiometric values for each spectral band. The two useful wavelengths for this study are located in the green ( ) and the red region ( ) as recommended [7] .
For the two spectral bands (green and red), we obtain two new bands and from (1): (2) (3) Fig. 1 . Spectral rotation for bathymetric estimation [6] .
is then a linear expression of whose slope equals the attenuation ratio of red and green regions . This slope does not depend on the sea bottom cover, unlike the -intercept.
This theoretical result is confirmed by the plot, on the same graph of different points corresponding to the different sites (different depths). We obtain a line whose slope equals the attenuation ratio of red and green regions (Fig. 1) .
The rotation of axes with an angle of ratio provides two new images. This rotation aims at separating the influence of depth from other influences contributing to the measured reflectance (such as the seabed and the water colours). The depth-dependent image is the one along the axis marked " ". It is also an inversed image of the underwater topography. Several pixels corresponding to different known depths are required to compute the linear relation: Several pixels corresponding to different known depths are required to compute the linear relation: minimum 2 but several known depths well distributed between 0 and 50 m are advised. We selected five different depths (8, 15, 25, 30 , and 45 m), but depending on available known depths they can be automatically selected, well distributed between and . This calibration with true depths avoids the need of tidal correction.
III. DATA
A. Images
A set of seven full-resolution MERIS images were compared. One was acquired in 2004, five were acquired in 2008, and one in 2009. All the images were chosen because of their low percentage of cloudy coverage. All images were co-registered on the first image acquired in 2004. They are in reflectance (level 2 product), corrected from the atmospheric effect. The level 2 product contains also chlorophyll maps: algal 1 and algal 2 for respectively case 1 and case 2 waters. Algal 1 is obtained by a polynomial function of band ratio [36] when algal 2 is provided by a neural network [37] . Compared to in situ water measurements, we notice an overestimation of chlorophyll concentration provided by algal 2. We think that it is due to seabed in shallow water which influences the sea surface reflectance and also absorbing substances like blue-absorbing material like detritus or mineral colored particles which lead to higher chlorophyll concentration than real in situ [29] . But a relative map is here sufficient to explain the variation of attenuation and then the error 
B. Validation Data
The validation data have been provided by digitized isobaths from the Service Hydrographique et Océanographique de la Marine, France) (SHOM) used as ground truth to be compared to model-derived values (Fig. 3(a) ). The grid resolution of the digital bathymetric maps (provided by SHOM) was 100 m. The map was then downsampled and co-registrated on the reference image of 2004 by the pixel aggregate method. The final resolution of the validation map is then also 300 m. Three transects were defined to validate the results. These transects are reported on Fig. 2 . The first transect ( ) was chosen on the training area for the bathymetric model, it contains 94 pixels (28.2 km length). The second transect ( ) was chosen on a different area but on the same side of the lagoon, it contains 146 pixels (43.8 km length). The third transect ( ) was chosen in the Eastern part of the lagoon, on the eastern coast of the island, it contains 64 pixels (19.2 km length). The choice of these transects was made to evaluate the robustness of the method first to the variation of chlorophyll concentration and then to the variation of water diffuse attenuation in the lagoon.
The error will be measured by means of two parameters: the root mean squared error (RMSE) and the mean absolute percentage error (MAPE).
RMSE provides an absolute error in meters and MAPE gives a relative error in %. 
IV. RESULTS
The training area for the bathymetric model was the same for all the images located on the first transect on Fig. 3. On Fig. 4 , the depth estimation map (Fig. 3(b) .) can be visually compared to the SHOM map (Fig. 3(a) .). These two maps provide the depth in meters for each pixel and have been associated to the same colour table from white (weak depth) to deep blue (high depth).
The visual comparison can be only operated inside the lagoon because the depth estimation method is not valid beyond 50 m depth (too deep for the seabed to be of influence). Note that the white patch in the south (indicated by the arrow in Fig. 3(a) .) corresponds to a zone of previously unknown bathymetry. The bathymetry there is then given for the first time with MERIS. Table I provides the RMSE and the mean relative error between each image and the bathymetric reference on the 3 transects. Table II provides the mean ( ) of the chlorophyll concentration for the three transects provided by the MERIS level 2 product. The variation of chlorophyll concentration within the training transect or between the three transects can explain the error on bathymetric estimation reported in Table I .
The two images presented in Fig. 4 were subtracted for each pixel and the absolute value of the difference provides the map of error presented in Fig. 4 . A color scale was applied in order to better visualise the error (blue for weak errors, green for middle errors and red for high errors). Fig. 4 allows to analyse the error of estimation spatially in order to explain the variation and Fig. 5 shows the scatter plot of derived bathymetry versus the true depth.
V. DISCUSSION
The depth estimation obtained from 8 January 2004 image can be visually compared to the SHOM map (Fig. 3) . Strong similarities in the depth topography can be noticed between the two maps inside the lagoon. The highest differences appear in the bays and in the Eastern lagoon and these errors will be explained.
If we compare the depth values numerically on the training transect (Table I) (Table II) . This result is reasonably acceptable when the chlorophyll concentration is low but when the concentration of chlorophyll increases (in the other images) we can notice an increase of depth estimation error (Tables I and II , first line).
If the RMSE on depth estimation is plotted versus the mean chlorophyll concentration on the first transect of all images, we notice a strong correlation between these two parameters as shown on Fig. 6 . The RMSE on depth estimation increases linearly with the chlorophyll concentration. When the chlorophyll concentration increases by 0.1 mg m , the RMSE increases by 0.31 m.
This figure also shows that the best bathymetric map is obtained with the image whose water is the "clearest" (image I1 acquired on 8 January 2004). When the choice is possible on the image, the image containing the "clearest" water on the training area the must be retained.
Concerning variation of attenuation in one image, if the bathymetry results are compared (Table I) on the second transect, the second image (18 June 2008) provides the best estimation with a RMSE of 5.8 m and a MAPE of 22%. We explain this result by the spatial variation of attenuation in the same image, more important between the first and second transects for the first image than for the second because the variation of mean chlorophyll concentration is higher for the first image ( 0.20 mg m ) than for the second ( 0.13 mg m ). When the variation of concentration of chlorophyll increases (or decreases) in the same image, the attenuation is no longer homogenous and the error on depth estimation increases.
If we consider the third transect, located on the Eastern side of the lagoon, the error of estimation is high for all the images ( 29.2 m for the RMSE, and 56% for the MAPE) because the attenuation is much lower on the Eastern side than on the Western. The comparison of the mean chlorophyll concentration between the first and the third transect can explain this important error. The error is the lowest when the chlorophyll concentration variation is the lowest too, for the second ( 0.31 mg m ) and the third image ( 0.43 mg m ). Fig. 4 confirms visually, with the clearest image (8 January 2004) , that the error is the highest on the eastern part of the lagoon than on the western one. We can also notice on this map that the highest errors on the western side are located in the bays where the water quality is different due to the rivers entrance and on the shallow waters close to the reef where the bottom has a strong influence on the surface reflectance. Between the western and the eastern reefs, on the south part of the lagoon, the nickel industries reject brown clay in the water and the attenuation is then also modified in this area, explaining once more the error of bathymetric estimation. Fig. 5 shows that the derived depth is correlated with true depth with a coefficient of determination of 0.612. Dekker et al. [24] compared the results of 6 algorithms, one of which is the method developed by Lysenga. For this method, the coefficients of determination found are and respectively for the 2 sites which are similar to our result (0.612). However, the RMSE is higher with our data when the RMSE found by Dekker et al. are 1.68 and 3.12. The reason concerns the processed images. Dekker et al.'s images are aerial and the swath is then weaker than with MERIS images. The first transect (T1) is 28.2 km long, the attenuation has then a higher probability to change when the covered area is large. The depth range can also be an explanation: our depth range is [8- lead then to advise to use the method based on the log-transform of two spectral bands and a 2D-rotation with a low concentration of chlorophyll ( 1 mg m ) and a weak variation of chlorophyll in the image ( 10%) to keep the RMSE obtained in the training area all over the image (maximum variation 15.5%).
VI. CONCLUSION
In this paper, we tested the limit of the bathymetric estimation method based on the rotation of two spectral bands (red and green) on an optically complex area which is the lagoon on New Caledonia. We compared the results obtained with seven different MERIS images acquired in 2004, 2008, and 2009 . This comparison allowed to study the influence of chlorophyll concentration on the bathymetric estimation error. The error is due to the water composition and to its spatial variation within the lagoon. We can then advise to use this method only in oligotrophic periods and regions where the chlorophyll concentration is low ( 1 mg m ) and constant ( 10% of variation in the image) to limit the error of bathymetric estimation all over the image.
